1. Introduction {#sec0005}
===============

Mucous membranes constitute the largest interface between the body and the external environment and serve as a physical barrier that prevents the entry and dissemination of infectious pathogens. In addition, it contains immunocompetent cells that are required for the generation of antigen-specific mucosal immunity, the crucial immunological defense against invading microorganisms.

Microfold (M) cells, located in follicle-associated epithelium (FAE), transport the antigens, which include both soluble proteins and infectious agents, from the intestinal and respiratory tract lumen to the mucosa-associated lymphoid tissues (MALT), namely Peyer\'s patches, and nasopharynx-associated lymphoid tissue (NALT), respectively [@bib0005], [@bib0010]. In the MALT, dendritic cells process and present antigens to T cells that in turn preferentially induce the production of secretory IgA (SIgA) at mucosal surface [@bib0015]. This IgA effectively neutralizes and prevents attachment and internalization of pathogens into host cells. Hence, the elicitation of mucosal immunity is critical when developing vaccines against infectious pathogens that are transmitted through mucosal sites.

Vaccine strategies that target mucosal immunity have many advantages; these include the capacity to elicit both systemic and mucosal immune responses together with improved accessibility, safety, and cost-effectiveness because the delivery is needle-free [@bib0020]. Several lines of evidence have indicated that induction of adequate mucosal protective immune response requires the aid of adjuvants. At present, the most effective mucosal adjuvants are Cholera toxin and *Escherichia coli* lymphotoxin [@bib0025]; however, considering their potential toxicity, these bacterial toxins are not acceptable for clinic use [@bib0030]. Lactic acid bacteria (LAB), which are generally classified as GRAS ([G]{.ul}enerally [R]{.ul}ecognized [A]{.ul}s [S]{.ul}afe) organisms, are traditionally used in the food industry. Recently, the potential application of LAB as vehicles for the expression and delivery of model antigens to mucosal surfaces has been extensively investigated [@bib0035], [@bib0040], [@bib0045], [@bib0050]. Bermudez-Humaran et al., showed that mice intranasally administered with *Lactococci lactis* (LL), having the E7 antigen of human papillomavirus type 16 (LL-E7) anchored to the cells together with the secretory form of interleukine-12 (LL-IL-12), induced an E7-specific immune response and provided therapeutic effects [@bib0035], [@bib0040]. Cortes-Perez has further demonstrated that simultaneous immunization of the LL-E7 and LL-IL-12 strains via the intranasal route is able to elicit higher specific immune responses and more potent anti-tumor effects than that via the intragastric route [@bib0055]. In addition, Mohamadzadeh et al., reported that co-culture with *Lactobacillus* promotes DC maturation and up-regulates expression of IL-12 and IL-18, but not IL-10. These results suggest that LAB regulate T cell responses and target them toward the T helper 1 pathway [@bib0060]. Hence, LAB strains act not only as a delivery vehicle, but also as an intrinsic adjuvant during vaccination. Nevertheless, the effect of LAB on immunomodulation may vary dependent with the LAB species or strain [@bib0065]. Thus the routes of immunization and differences in the intrinsic adjuvanticity of LAB strains need to be considered when planning an immunization strategy. In addition to *Lactobacillus*, the probiotic effect of *Enterococcus faecium* (*E. faecium*) has been demonstrated [@bib0070], [@bib0075], [@bib0080]. It is worthy of noting that unlike most of LAB, the *Enterococcus* genus is not considered as "GRAS". For safety concern and to avoid antibiotic resistant gene transmission, a case-by-case evaluation of pathogenicity and antibiotics resistance profiles is required [@bib0085].

Avian infectious bronchitis virus (IBV) is a member of group 3 of the coronaviruses and is a highly contagious disease of chickens [@bib0090], [@bib0095]. The spike glycoprotein, which is involved in cell attachment, is an immunodominant protein that carries epitopes that produce virus-neutralizing antibodies [@bib0100]. Previously, Lee et al., found that intranasal and oral immunization of mice with *Lactobacillus casei* displaying the spike protein of SARS-coronavirus on its surface elicited protective systemic and mucosal immune responses against SARS pseudovirus [@bib0045]. Based on this finding, a previously defined antigenic epitope of the Spike protein of the IBV Taiwan local strain (TW1) was selected as one of the model antigens. This was used for the induction of the antigen-specific antibodies and evaluated in current study.

Avian reoviruses (ARV) are classified into the orthoreovirus genus of the family *Reoviridae*. Sigma (σ) C protein, a component of the outer capsid layer of the ARV, is responsible for attachment to the host cell membrane [@bib0105] and can induce high levels of type-specificity neutralization antibodies [@bib0110]. Structure-based sequence alignment of the ARV sigma C and mammalian reovirus (MRV) type 3 sigma 1 have indicated the presence of heptad repeats and a triple alpha-helical coiled-coil structure in N-terminal region [@bib0115]. In addition, crystallographic studies found that the carboxy-terminal globular domain of ARV sigma C has a similar overall topology to that of MRV type 3 sigma 1. It has been shown that MRV sigma 1 protein recognizes the receptor of M cells (α-2-3 linked sialic acid) that facilitates penetration of antigens into intestinal Peyer\'s patches [@bib0120]. Mishra et al. further reported that encapsulation of hepatitis B surface antigen by nanocarriers or liposome with M-cell targeting ligands (lectins, including *Ulex europaeus agglutinin* 1; UEA-1) promotes intestinal uptake by M-cells, enhances antibody production and increases cellular immune responses [@bib0125], [@bib0130]. As immunomodulation of ARV sigma C has not yet been reported, we investigated whether ARV sigma C protein has a similar effect as MRV sigma 1 on the enhancement of mucosal immunization.

In this study, LysM of AcmA', the autolysin of *Lactococcus lactis*, which can exogenously bind to the peptidoglycan of LAB [@bib0135], was chosen as the anchor molecule for docking each of the desired antigenic protein onto the LAB surface. The two model antigens, IBV-spike and ARV-sigma C, were expressed as a AcmA' tag fused at the C-terminal end. The display of recombinant proteins on the LAB surface was confirmed and the immune response induced by the antigen-displaying LAB was evaluated using an animal model.

2. Materials and methods {#sec0010}
========================

2.1. Bacterial strains and growth conditions {#sec0015}
--------------------------------------------

The lactic acid bacteria (LAB), namely three *Enterococcus faecium* (*E. faecium*) strains, were obtained, one from the Food Industry Research and Development Institute, Taiwan, (ATCC-6057) and two being isolated from pig intestine flora (58a-1, 63b-2). These were cultured on *Lactobacilli* MRS broth (Difco™ Detroit, Mich., USA) at 37 °C without shaking. To quantify the bacteria, the *E. faecium* was grown to logarithmic phase, collected by centrifugation, and then washed three times with phosphate buffer saline (PBS). The initial concentration of the bacteria was determined by spectrophotometry at OD 600 nm. The number of bacteria is each sample was verified by pour-plate assay using Ragosa agar plate (Difco™ Detroit, Mich., USA) and ten-fold serial dilution. Finally, the LAB were diluted in 1×PBS at a concentration of 10^10^ colony forming units (CFU)/ml. *Escherichia coli* (*E. coli*) Top10 (Invitrogen) and BL21 (DE3) (Novagen), which were used for plasmid amplification and protein expression, respectively, and were grown in LB medium with shaking at 37 °C.

2.2. Cell culture {#sec0020}
-----------------

The intestine cell line Int 407 (ATCC: CCL-6) was cultured using BME (Basal medium Eagle in Earle\'s BSS) with 10% fetal bovine serum (FBS), penicillin 100 U/ml, and streptomycin 100 μg/ml.

2.3. Animals {#sec0025}
------------

Female BALB/c mice, 5--8 weeks old, were purchased from the National Laboratory Animal Center (Taiwan). All experiments were performed in accordance with the University Guidelines.

2.4. Plasmid construction {#sec0030}
-------------------------

To generate the recombinant proteins for immunization, plasmid expressing antigenic protein fused with the AcmA' protein, which serves as an anchoring protein onto Gram positive bacteria such as lactic acid bacteria (LAB) [@bib0140], were constructed in two steps. Initially, AcmA′ fragment was obtained by PCR from the DNA of *L .lactis* (cremoris SK11) using the primer sets (AcmA′-F: CGAC[AAGCTT]{.ul}GCACGGACGGAGCTTCTTC, and AcmA′-R: GGTG[CTCGAG]{.ul}TGAACCACCTGAATTTGTA), which were designed based on sequences published in GenBank (accession number: [AF036720](ncbi-n:AF036720)). The thermal cycling conditions were: 94 °C (3 min) followed by 35 cycles of denaturation (94 °C, 30 s), annealing (55 °C, 45 s), and extension (72 °C, 1 min), and finished with a final extension (72 °C, 3 min). The PCR product had the expected size of 261 base pairs (bp) and was then digested with *Hin*d III and *Xho* I restriction enzymes for subcloning into the prokaryotic expression vector pET24a. The resulting plasmid was named AcmA'-pET24a.

Based on a previous report [@bib0145], an epitope consisting of amino acids residues 235--302, which are highly conserved in S1 subunit of infectious bronchitis virus (IBV) spike (S) protein and show antibody neutralizing activity, was chosen for use in this study. Primers were designed to amplify the S1 subfragment (residues 235--302) of the IBV TW1 strain (GenBank accession number: [DQ646405](ncbi-n:DQ646405)) by PCR. The primer sequences used were: IBV-S1-F: TGCTA[GCTAGC]{.ul}CAATATAATACTGG and IBV-S1-R: AAAATGTCGAC[AAGCTT]{.ul}TCTGAGCTG. A plasmid IBV-S-pTA containing the whole S1 coding region of IBV was used as template. The thermal cycling conditions were: 94 °C (3 min) followed by 35 cycles of denaturation (94 °C, 30 s), annealing (55 °C, 1 min), and extension (72 °C, 1 min), and ended with a final extension (72 °C, 3 min). The resultant PCR product (232 bp) was digested with *Nhe* I and *Hin*d III restriction enzymes, which are present in the primers, and then the fragment was subcloned into the expression vector, AcmA'-pET24a.The resulting plasmid was named IBV-S1-AcmA'-pET24a.

Another antigenic protein, the full length of sigma C of avian reovirus (ARV), was amplified from the plasmid σC-pSTBlue-1 (a gift from Dr. LH Lee in Department of Veterinary Medicine, National Chung-Hsing University, accession number: [AF204948](ncbi-n:AF204948)) and cloned into AcmA′-pET24a expression vector by PCR. The primers used were: ARV-σC-F: ATAGT[GTCGAC]{.ul}ATATGGCGGGTCTC and ARV-σC-R: GCGCCA[AAGCTT]{.ul}CGGTGTCGATGC. The amplification conditions were: 94 °C (3 min) followed by 35 cycles of denaturation (94 °C, 30 s), annealing (55 °C, 45 s), and extension (72 °C, 1 min), followed by a final extension (72 °C, 3 min). After digestion with *Sal* I and *Hin*d III restriction enzymes, the PCR fragment (1002 bp) was introduced into the vector AcmA'-pET24a. The resulted expression plasmid was designated ARV-σC-AcmA′-pET24a.

The green fluorescent protein (GFP) was used to determine anchoring efficiency. The GFP coding region (723 bp) was obtained by digesting the plasmid pQBI25-fPA (Q-BIOgene, Inc. Morgan Irvine, CA, USA) with *Nhe* I and *Eco*R I restriction enzymes. The GFP fragment was then introduced into the vector AcmA'- pET24a, which had been linearlized with the same enzymes. This expression plasmid was designated GFP-AcmA'-pET24a. The authenticity of all the PCR products was confirmed by automated sequencing after the clones were initially checked by restriction enzyme digestion. The map and structure of the various plasmids expressing the different recombinant antigenic proteins are presented in [Fig. 1](#fig0005){ref-type="fig"} .Fig. 1Schematic illustration of constructs expressing AcmA′-fusion proteins. Plasmid AcmA′-pET24a contains fragments of Lys motif domain (AcmA′; 261 bp) with bacteria cell wall-anchored ability upstream of the hexahistidne tag (H6). The DNA fragments of the other three proteins for displaying on LAB, namely GFP (813 bp), the IBV-S1 epitopes (204 bp), and the ARV-sigma C coding region (978 bp) were inserted upstream of AcmA′. The expression of these recombinant proteins is under the control of the T7 RNA polymerase promoter (T7 p). Restriction enzymes used for cloning and other cis-elements on vector backbone are also indicated, such as the lac operator (lacO), the ribosome binding site (rbs) and the stop codon (stop).

2.5. Recombinant protein expression and purification {#sec0035}
----------------------------------------------------

The various plasmids were transformed into Escherichia coli strain BL21 (DE3). All the recombinant proteins were expressed under induction of 0.8 mM IPTG at 16 °C for 24 h. Initially, bacterial cell pellets were dissolved in 1/10 volume of binding buffer without denaturing agent (0.01 M imidazole, 0. 5 M NaCl, 0.05 M Tris--HCl, 200 μg/mL lysozyme) followed by freeze-thawing cycles and then sonication. After centrifugation (fractionation) at 13,000 rpm for 15 min at 4  °C, the supernatant of crude extract containing soluble GFP-AcmA′ was obtained. Since the majority of IBV-S1-AcmA′ and ARV-σC-AcmA′ were expressed as insoluble form, the bacteria pellet after fractionation was then dissolved in lysis buffer (0.01 M imidazole, 0. 5 M NaCl, 0.05 M Tris--HCl, 6 M urea). As all the recombinant proteins were expressed with 6-histidine tag at C-terminus, after fractionation the recombinant proteins were further purified by metal affinity chromatography according manufacturer protocol (Pharmacia). In brief, the bacteria crude extract was loaded into column packed with Ni-NTA sepharose and incubated for 2 h at room temperature with rotation, followed by 5 times of washes with buffer (0.02 M imidazole, 0.5 M NaCl, 0.05 M Tris--HCl), and then eluted using a buffer containing a high concentration of imidazole (100, or 400 mM). After step-wise dialysis against PBS (0.02 M phosphate, 0.15 M NaCl) containing gradually decreased concentration of urea at 4 °C to remove the imidazole, the protein concentration was determined by Bradford method (Bio-Rad). For purification of denatured form of recombinant protein, all the buffers contained 6 M urea. The contaminated endotoxin level of the recombinant proteins was measured by Pyrotell Gel-clot Endotoxin Testing followed the manufacturer\'s description (Cat No. \#G5250, Associates of CAPE COD, Woods Hole, USA).

2.6. Preparation and confirmation of AcmA′ fusion protein anchorage onto the LAB E. faecium {#sec0040}
-------------------------------------------------------------------------------------------

Initially, the binding capacity of AcmA′ fusion proteins to the bacteria surface was determined. To do so, the LAB *E. faecium*, 10^9^ CFU, was incubated with different concentrations (0, 5, 10, 20 and 50 μg/tube) of the GFP-AcmA′ protein by shaking with 200 rpm at 30 °C for 3 h followed by centrifugation for 10 min at 6000 rpm. Subsequently, the supernatant and bacteria pellet were fractionated and resolved by SDS-PAGE. Binding efficiency was evaluated by the ratio of AcmA′ fusion protein present in supernatant (free form of AcmA′ fusion protein) and in bacteria pellet anchored to AcmA′ fusion protein). Additionally, bacteria anchored with GFP-AcmA′ fusion proteins were directly observed by fluorescent microscopy, and the proteins detached from the bacterial surface were separated by SDS-PAGE.

2.7. Whole-cell enzyme-linked immunosorbent assay (ELISA) {#sec0045}
---------------------------------------------------------

Whole-cell ELISA was conducted following a previous protocol [@bib0140]. Briefly, the LAB *E. faecium*, 10^9^ CFU only and LAB mixed with 20 μg of AcmA′ fusion protein (IBV-S1 and ARV-σC, in 200 μl volume) were incubated for 3 hours at 30 °C. The bacteria were then washed three times with PBS, and incubated with 5% BSA in PBS for 30 min at room temperature to block nonspecific binding. After washing with PBS, the bacteria pellet was resuspended in 500 μl of 1:2000 diluted primary anti-His antibody solution (*AbD Serotec.*, *Kidlington*, *UK*) and incubated for 2 h at room temperature. The bacteria were then washed three times with PBS before incubation with the secondary antibody, horseradish peroxidase (HRP)-conjugated anti-mouse antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA USA) diluted at 1:2000 in PBST (0.02 M phosphate, 0.15 M NaCl, 0.05% Tween-20) at room temperature for 1 h. The bacteria were then washed three times with PBS and finally resuspended in 200 μl of PBS. Then, 50 μl of the suspension was loaded into the wells of an ELISA plate, followed by 50 μl of ABST substrate (KPL, Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD USA). The plate was then incubated at room temperature for 10 min before the optical density at 405 nm (OD405) was measured.

2.8. SDS-PAGE and Western blot analysis {#sec0050}
---------------------------------------

Proteins were resolved by 10% or 12.5% SDS-PAGE and electrotransferred to nitrocellulose membrane using Mini Protein III equipment (Bio-Rad Laboratories, Richmond, CA, USA). Membranes were blocked in PBST containing 5% dried skimmed milk and incubated with anti-His tag antibody (*AbD Serotec.*, *Kidlington*, *UK*) in PBST for overnight at 4 °C. After several times of PBST buffer wash, the filter was incubated with 1:10,000 diluted secondary antibody, goat anti-mouse IgG conjugated HRP (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for one hour at room temperature. After PBST wash to remove the unbound antibodies, the signal was detected using TMB reagent (KPL, Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD, USA).

2.9. Absorption of LAB on intestine cells (Int 407) {#sec0055}
---------------------------------------------------

The monolayer Int 407 cells (10^4^/well) were cultured in 24-well plate without antibiotics. Prior to absorption, *E. faecium* were washed with PBS twice and resuspended in BME medium at concentration of 1 × 10^8^  CFU/ml. Subsequently, 100 μl of bacteria were added to the cell monolayer with rocking every 15 min. After 2 h, the cells were washed three times with PBS, fixed with 10% formaldehyde; this was followed by Gram staining and observation by microscopy.

2.10. Display of antigens on LAB surface {#sec0060}
----------------------------------------

For one unit dose of antigen anchored LAB, 10^9^ CFU of *E. faecium* was incubated with 20 μg of each purified protein: IBV-S1-AcmA′, with or without ARV-σC-AcmA′ protein at 30 °C for 3 h. Prior to immunization, the binding of the AcmA′-antigen fusion protein on LAB was confirmed by fractionation. After centrifugation (10 min at 6000 rpm), the supernatant containing the unbound AcmA′ fusion proteins and the bacteria pellet were separated. The binding efficiency was then evaluated by SDS-PAGE and whole-cell ELISA.

2.11. Immunization {#sec0065}
------------------

BALB/c mice, aged eight weeks, were randomly assigned to six treatment groups with five mice in each group. Mice in group 1--3 were immunized via the intragastric (IG) route, whereas mice in Group 4--6 were immunized via the intranasal (IN) route. Each group of mice was immunized by one of three different regimens. These were: (1) LAB without recombinant protein; (2) LAB anchored with IBV S1-AcmA′ protein; and (3) LAB anchored with IBV S1-AcmA′ protein in combination with ARV-σC-AcmA′ protein. The IG group mice were immunized with 5 units antigenic protein (5 × 10^9^ CFU LAB anchored 100 μg of each recombinant protein) in 500 μl volume, while the IN group were immunized with 2 units antigenic protein (2 × 10^9^ CFU LAB anchored 40 μg of each recombinant protein) in 20 μl volume. The groups of mice were initially immunized on day 0 and this followed by three boosters at two-week interval. To eliminate the influence of other environment bacteria on the immune responses derived from LAB immunization, the mice were given drinking water containing gentamicin (50 μg/ml) for three days before the immunization and throughout the experiment.

2.12. Sample collection {#sec0070}
-----------------------

Blood and bronchoalveolar lavage (BAL) were collected from each mouse. Blood samples were obtained from orbital vascular plexus with heparin supplement. After centrifugation, the plasma was transferred to a new tube and stored at −20 °C until use. BAL samples were collected using a modification of the method of Bergeron et al. [@bib0150]. This was as follows. To collect the BAL, a small incision was made in the trachea to insert of a small tube connected to a syringe. Lung washes were performed by injecting 1 ml PBS into the lung followed by aspiration of the lavage fluid. BAL fluid was centrifuged at 1200 rpm for 10 min, and the supernatant was frozen at −20 °C until testing.

2.13. Detection of antibodies by ELISA {#sec0075}
--------------------------------------

Antibody responses to the IBV epitope were analyzed by ELISA. Nunc-Immuno 96-well plates (Nunc) were coated with recombinant IBV-S1-AcmA′ fusion protein (100 μl of the 200 ng protein in sodium carbonate buffer, pH 9.6, per well). After overnight incubation at 4 °C, the plates were washed three times with PBST. Nonspecific protein binding sites were blocked with PBST buffer containing 5% skimmed milk. For antibody detection, plasma and BAL samples, as primary antibody, were diluted in PBS with ratios of 1:50, or 1:10, respectively. Then, goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA USA) and IgA (Sigma-Aldrich, Inc., Saint Louis, MO, USA) conjugated with HRP (diluted in 1:2000) were used as secondary antibodies. ABTS substrate (KPL, Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD, USA) was added and the absorbance was detected at OD 405 nm.

2.14. Statistical analysis {#sec0080}
--------------------------

Data are expressed as means ± SEM. Significant differences were pinpoint by Student\'s *t*-test Welch\'s correction and analysis of variance. Immunization group and antibodies response were used as factors when testing for statistical significance in effect by one-way ANOVA. The analysis results were generated by the GraphPad statistical package analysis tool (GraphPad Software, San Diego, CA).

3. Results {#sec0085}
==========

3.1. Construction of plasmids expressing antigen-AcmA′ fusion proteins {#sec0090}
----------------------------------------------------------------------

To develop lactic acid bacteria (LAB) as a vaccine carrier, AcmA′ protein was used as a protein anchor to display the antigen on the surface of *E. faecium*. Several plasmids were constructed to produce chimera proteins, each of which had AcmA′ protein expressed at C-terminal of the antigenic protein. First, a construct AcmA′-pET24a containing a fragment of the bacterial cell wall-binding protein AcmA′ was generated ([Fig. 1](#fig0005){ref-type="fig"}A). For direct observation of protein displayed on LAB by microscopy, a GFP coding region was inserted upstream of AcmA′ ([Fig. 1](#fig0005){ref-type="fig"}B). In addition immunogenic proteins of two avian viruses were used to evaluate the possibility of developing LAB as a divalent vaccine carrier. To do so, two PCR fragments containing the partial coding regions of viral envelope proteins, the Spike protein of IBV and the σC protein of ARV, were amplified by PCR and cloned into AcmA′-pET24a and the resulting plasmids were designated IBV-S1-AcmA′-pET24a, and ARV-σC-AcmA′-pET24a, respectively ([Fig. 1](#fig0005){ref-type="fig"}C and D). The schematic representation of the cis-elements and the structure of the plasmids that express recombinant antigens are illustrated in [Fig. 1](#fig0005){ref-type="fig"}.

3.2. Preparation of purified the AcmA′ fusion proteins {#sec0095}
------------------------------------------------------

Expression of recombinant proteins was driven by the T7 RNA polymerase under IPTG induction in *E. coli* (strain BL21). All constructs successfully produced antigenic proteins at various levels (lane 2, [Fig. 2](#fig0010){ref-type="fig"}A). Recombinant proteins were purified by Ni-NTA chromatography following the manufacturer\'s methodology (Pharmacia). After Ni-NTA affinity purification, the IBV-S1-AcmA′, ARV-σC-AcmA′, and GFP-AcmA′ proteins with expected sizes of 25 kDa, 55 kDa, and 40 kDa, respectively, were obtained (lane 3, [Fig. 2](#fig0010){ref-type="fig"}A). The purity of AcmA′ fusion proteins was analyzed by SDS-PAGE (lane 3, [Fig. 2](#fig0010){ref-type="fig"}A) and the identity was initially confirmed by Western blotting ([Fig. 2](#fig0010){ref-type="fig"}B). Of the three recombinant AcmA′ fusion proteins, GFP-AcmA′ is soluble, but the other two proteins are predominately insoluble. Hence, the proteins were purified from the insoluble fraction and refolded by step-wise dialysis against PBS to remove urea.Fig. 2Detection of expression of AcmA′ fusion proteins by SDS-PAGE and Western blot analysis. Expression of IBV-S1-AcmA′, ARV- σc-AcmA′, and GFP-AcmA′ was induced by IPTG (lane 2), purified by Ni-NTA affinity chromatography (Lane 3) and separated by SDS-PAGE (A). Their identity was confirmed by Western blot analysis using His-tag antibody (B). Lane 1: non-induction; M: protein size marker (Fermentas, \#SM0671).

3.3. Determination of the binding efficiency of the AcmA′ fusion proteins to E. faecium {#sec0100}
---------------------------------------------------------------------------------------

One of the basic requirements for the probiotic strains is capability of adherence to the intestinal epithelial cells [@bib0155]; it plays a part in their propagation in the digestive tract [@bib0160], [@bib0165] and also to participate in the capacity of competitive exclusion of pathogens [@bib0170], [@bib0175]. Hence, initially the adhesion capability of new *E. faecium* strains was tested on intestinal epithelial cells (Int 407) and subsequently, the binding efficiency of AcmA′-fusion proteins onto the surface of *E. faecium* (vaccine carrier) was determined.

When cultured with an intestine cell line, one of the two new isolates, strain 58a-1 showed very weak adhesion capability ([Fig. 3](#fig0015){ref-type="fig"}A, sample 4); and among the three LAB tested, *E. faecium* 63b-2 showed the greatest absorption capacity ([Fig. 3](#fig0015){ref-type="fig"}A) that was then used for this study.Fig. 3The cell adhesion ability and maximal protein binding capacity of LAB. A monolayer of Int 407 cells (10^4^/well) were mixed without LAB (sample 1), or with 1 × 10^7^ CFU of *E. faecium* (standard strain ATCC 6057) (sample 2), *E. faecium* 63b-2 (sample 3), or *E. faecium* 58a-1 (sample 4). After 2 h, the cells were thoroughly washed and fixed with 10% formaldehyde, followed by Gram staining (A). The maximum binding capacity of the AcmA′ fusion protein to LAB was determined as follows. Various concentrations of AcmA′-GFP fusion protein (0, 5, 10, 20, and 50 μg indicated as sample 1--5, respectively) were mixed with 1 × 10^9^ CFU of *E. faecium* 63b-2 at 30 °C for 3 h followed by intensive washes with PBS. After centrifugation, the supernatant containing unbound AcmA-GFP fusion protein was transferred to a new tube and the pellet containing the LAB anchored GFP fusion protein was directly examined by fluorescent microscopy (B). In addition, to evaluate the binding efficiency, the anchored form (C) and free form (D) of GFP fusion proteins were then analyzed with SDS-PAGE. Binding efficiency was determined by the ratio of AcmA′ fusion protein present in the bacteria pellet (anchored form) (C) to that in supernatant (free form) (D).

In order to test the binding capacity of recombinant AcmA′ proteins on the LAB surface, *E. faecium* (1 × 10^9^ CFU) were incubated with different amount of GFP-AcmA′ fusion proteins (0, 5, 10, 20 and 50 μg) for 3 h at 30 °C. Initially, we investigated whether AcmA′ docked on the cell wall and displayed the antigenic protein on surface of bacteria. Incubation of various amounts of anchoring protein followed by intensive wash with PBS, the bacteria pellet was directly analyzed by fluorescent microscopy. As illustrated in [Fig. 3](#fig0015){ref-type="fig"}B, in LAB binding assay, the higher amount of GFP-AcmA′ used, the stronger intensity of GFP signal observed, indicating that GFP was indeed displayed on surface of LAB in a dose dependent manner.

Next, the maximal bind capacity of AcmA′ fusion protein on LAB was investigated. Analysis of the fractionated protein content revealed that the majority of GFP-AcmA′ fusion protein were anchored on *E. faecium* ([Fig. 3](#fig0015){ref-type="fig"}C). Noticeably, some of unbound protein remained in supernatant fraction when 50 μg of GFP-AcmA′ was used for anchoring, indicating that this dose of AcmA′ fusion protein had exceeded the binding capacity of 1 × 10^9^ *E. faecium* ([Fig. 3](#fig0015){ref-type="fig"}D).

3.4. Preparation of antigen-display LAB for immunization {#sec0105}
--------------------------------------------------------

The IBV-S1-AcmA′and ARV-σC-AcmA′ were purified under conditions with denaturant, which was removed by dialysis; therefore it is worth checking whether these two refolded AcmA′ fusion proteins are able to anchor onto LAB. Whole cell ELISA and SDS-PAGE were employed to confirm the antigen display and binding efficiency of these two recombinant proteins. Based on the binding capacity results, a combination of 20 μg of fusion protein with 1 × 10^9^ of LAB was used (as one unit of immunization dose). After co-incubation for 3 h followed by intensive washing with PBS, the *E. faecium* bacteria were subjected to ELISA to detect antigen display. A strong reaction was observed in the wells containing the bacteria incubated with AcmA′ fusion proteins, whilst the wells with untreated bacterial cells remained negative ([Fig. 4](#fig0020){ref-type="fig"}A). After centrifugation, the two AcmA′ fusion proteins could be detected in the cell pellets (proteins bound with LAB), but not in supernatant (free form proteins) ([Fig. 4](#fig0020){ref-type="fig"}B). These results showed that AcmA′ fusion proteins effectively bind to the LAB surface.Fig. 4Confirmation of antigen display on LAB by whole-cell ELISA and SDS-PAGE. PBS (sample 1), 20 μg of the purified IBV-S1-AcmA′ (sample 2), or ARV-σC-AcmA′ fusion proteins (sample 3) were incubated with 1 × 10^9^ CFU of *E. faecium*, and then display on the surface of LAB was directly detect by ELISA using anti-His tag antibody (A). Standard deviations are indicated as error bars. For immunization, various fusion proteins (as indicated on the top of gel) were incubated with LAB. After centrifugation, supernatant (unbound, free form of antigenic proteins) and pellet (LAB anchored fusion proteins) were separated and analyzed by SDS-PAGE (B). The binding efficiency was evaluated by the ratio of AcmA′ fusion protein present in the bacteria pellets (anchored form) relative to that in supernatant (free form). The binding assay was done in two duplicates that were then used for intragastric (IG) and intranasal (IN) immunizations (as labeled on the top of gel). M: standard protein size marker (Fermentas).

3.5. Detection of antibodies by ELISA {#sec0110}
-------------------------------------

Next, we evaluated whether immunization with the cell surface displayed recombinant proteins on LAB was able to elicit specific antibodies production in mice. To induce mucosal immunity, antigen-anchored LAB were delivered by the intranasal (IN) and intragastric (IG) routes. The immunization protocol is illustrated in [Fig. 5](#fig0025){ref-type="fig"}A.Fig. 5Antibody (IgG) induced by mice immunized with antigenic proteins delivered by LAB. Eight-week old female BALB/c mice were immunized with LAB via the intragatric (IG) and intranasal (IN) routes. The immunization schedule used is illustrated (A). Serum samples were collected on Day 0, 35 and 49, and the IBV-S1 specific IgG responses elicited by the model antigen administered by IG (B) and IN (C) were measured by ELISA. The experiments were done three repeats and the antibody response in each group of animals was demonstrated by mean ± SEM designated by bars.

Mice from each group received either mock LAB (negative control), LAB displaying IBV-S1-AcmA′ alone or LAB displaying a combination of IBV-S1-AcmA′ with ARV-σC-AcmA′. Antibody induction in serum samples was compared by ELISA. Since AcmA, the anchoring protein present in each antigens displayed on LAB, poorly reacted with tested sera (data not shown), IBV-S1-AcmA′ fusion protein, was used as target protein to evaluate the IBV-S1antigen-specific immune responses induced by immunization.

The results showed that mice immunized with LAB anchored with IBV-S1-AcmA′ in combination with or without ARV-σC-AcmA′ by both IG and IN routes induced specific anti-IBV-S1 IgG antibodies ([Fig. 4](#fig0020){ref-type="fig"}, [Fig. 5](#fig0025){ref-type="fig"}, respectively), while no detectable specific antibody was observed in sera collected from animals that received the mock LAB. For the IG group, on day 49, the antibody titers in mice immunized with LAB anchored with ARV-σC was significantly higher than that of mock LAB and LAB anchored IBV-S1 only (LAB only: *p*  = 0.03, LAB anchored with IBV-S1: *p*  = 0.05, analyzed by Student *t* test) ([Fig. 5](#fig0025){ref-type="fig"}B). For the IN group, compared with the control mice, the induction of antibody in mice immunized with LAB displaying IBV-S1 fusion protein alone was not significant, but a significant increase in antibody level was observed in mice immunized with IBV-S1 in combination with ARV-σC; significantly higher than that of LAB only (*p*  = 0.03) and LAB anchored with IBV-S1 (*p*  = 0.01) on day 35 ([Fig. 5](#fig0025){ref-type="fig"}C). An increase in IgG response as immunization proceeded was observed. Overall, the ELISA results indicated that fusion protein anchored LAB were able to triggered systemic immune reactions in the mice when the two different immunization routes were used.

After the final booster, the mice were sacrificed and both sera and bronchoalveolar lavage (BAL) samples were collected to allow detection of antigen-specific IgG and IgA, which indicate systemic and mucosal immune responses, respectively. Overall, immunization via the IG route gave a much higher level of IgG in both the BAL and the sera, while the IgA induction was very low ([Fig. 6](#fig0030){ref-type="fig"}A and C). However, significant increases in both IgG and IgA were detected in the sera and the BAL of mice immunized via the IN route ([Fig. 6](#fig0030){ref-type="fig"}B and D). These results suggest that the display of recombinant proteins on LAB delivered via the IN route was successfully able to elicit both systemic and mucosal immunity. Statistically, LAB anchored with antigens (IBV-S1 with or without ARV-σC) delivered via the IN route induced a stronger mucosal immune response (indicated by IgA titer) than that via the IG route (*p*  \< 0.001, analyzed by one way ANOVA). Noticeably, in combination with ARV-σC fusion protein, LAB was able to stimulate a higher antibody immune response than that LAB anchored with IBV-S-1 only or the mock LAB ([Fig. 6](#fig0030){ref-type="fig"}B and D); almost all the mice immunized with ARV-σC produced higher IgA titers than mice immunized by the other two regimens (mock LAB, LAB-IBV-S-1 alone) (*p*  \< 0.001).Fig. 6Detection of systemic and mucosal antibody by ELISA. After the final booster, the mice were sacrificed (day 56). Both sera (panels A and B) and bronchoalveolar lavage samples (BAL; panels C and D) were collected from mice immunized via the IG route (panels A, C) and the IN (panels B and D) route for the detection of IBV-S1-specific IgG and IgA, indicating systemic and mucosal immune responses, respectively. The experiments were done three repeats and the mean with range value of negative control is designated by bars.

3.6. Detection of the IBV-S1 and ARV-σC antibodies by Western blot analysis {#sec0115}
---------------------------------------------------------------------------

To confirm the accuracy of ELISA results, the serum samples were further tested by Western blot analysis. As shown in [Fig. 7](#fig0035){ref-type="fig"}A, two out of four (50%) sera of mice treated with LAB anchored IBV-S1 and four out of five (80%) sera treated with LAB anchored with two antigens (IBV-S1 and ARV-σC) via the IG route recognized recombinant IBV-S1 protein. In addition, four of six (66.7%) sera of mice treated with LAB anchored IBV-S1 and five out of six (83%) sera treated with LAB anchored with two antigens via the IN route successfully detected IBV-S-1 protein ([Fig. 7](#fig0035){ref-type="fig"}B). Similar to the results of the ELISA, mice immunized with LAB displaying two antigens that were immunized via the IN route induced stronger antibody reactions than via the IG route ([Fig. 8](#fig0040){ref-type="fig"}A and B). It is worth noting that all the sera samples, that is 100% (6/6) via IN route, strongly reacted with ARV-σC, compared to a smaller number that reacted strongly with IBV-S1 ([Fig. 8](#fig0040){ref-type="fig"}A and B).Fig. 7Detection of IBV-S1 specific antibodies by Western blot analysis. Serum samples from mice immunized via IG (A) and IN (B) routes were collected on day 56 and IBV-S1-specific antibody response was confirmed by Western blot analysis.Fig. 8Comparative analysis of IBV-S1 and ARV-σC specific antibodies by Western blotting. Serum samples from mice immunized with LAB anchored with IBV-S1 in combination with ARV-σC antigens via the IG (A) and IN (B) routes were collected on day 56. Antibodies specific against these two antigens was detected by Western blot analysis.

4. Discussion {#sec0120}
=============

As stimulation of the mucosal compartment is necessary for optimal protective antiviral immunity, several strategies have been designed to allow mucosal application, such as the use of a live attenuated viral vector and the use of adjuvants [@bib0180]. However, potential side effects of live viral vectors and the toxicity of bioadjuvants have been a great concern; hence, alternative vaccines or vaccine strategies are warranted. This study presented a new vaccination strategy; we show for the first time that an avian reovirus (ARV) sigma C displayed onto lactic acid bacteria (LAB) is able to enhanced both systemic and mucosal immunity. To avoid the use of GMOs in any final application and to control the actual quantity of antigen in the vaccine, the heterologous proteins was expressed in *E. coli* and exogenously anchored on the LAB surface. To this end, autolysin AcmA′ protein that is capable of docking on the cell wall of Gram\'s positive bacteria such as LAB was used as a protein anchor [@bib0185]. In our studies, one copy of the first LysM motif domain was expressed to allow fusion via the C-terminal end of all the antigenic proteins. The estimated binding capacity was shown to be at least 40 μg AcmA′ fusion protein bound to approximately 10^9^ CFU of *E. faecium*, which is higher than a previously report (∼10 μg of protein/2 × 10^9^ cells) [@bib0140]. As all the antigenic proteins tested in this study were expressed and recovered from insoluble fraction, the high binding efficiency indicates that step-wise dialysis was able to restore the conformation of the AcmA′ protein to a great extent.

Previously Wu et al. has reported that conjugation of mammalian reovirus (MRV) recombinant sigma1 protein with a DNA vaccine enhanced antigen-specific humoral and cell-mediated immune responses when compared with naked DNA immunizations [@bib0190]. It has been suggested that sigma 1 acts as an M cell ligand that directs DNA vaccine to NALT M cells in the gut lumen and thus allows presentation to the gut mucosal inductive tissue that in turns induces mucosal immune responses [@bib0190]. ARV sigma C is a functional homologous protein of MRV sigma 1. Crystallographic studies of the partial ARV sigma C shows that the major receptor-binding domain resembles a globular head and features a triple beta-barrel and a fibrous extension of triple beta-spiral shaft domain [@bib0115]. When the crystal structures of ARV sigma C and MRV sigma 1 are superimposed, it reveals that head domains of these two proteins share a similar overall topology and the loops connecting the β-strands are also very similar [@bib0115]. In the present study, the IBV-S specific antibody titre was significantly increased in mice immunized with IBV-S1 in combination with ARV sigma C compared to LAB monovalently conjugated with IBV-S1. Based on the structural similarities, it is reasonable to suspect that ARV sigma C may possibly interact with M cells and subsequently enhances the uptake and presentation of the antigen to the effective cells in lymphoid inductive tissue. At present, the cellular receptor of ARV remains unclear and the association of sigma C with M cells has not been proved. In our current model, the enhancement of IBV-specific antibody by LAB anchored two antigens might be not resulted from the M-cell targeting property mediated by ARV sigma C. In the gut loop assay, results of immunohistochemistry staining indicated that LAB adhered to M cells and epithelium cells, but such an interaction was not restricted to the presence of sigma C; LAB without sigma C also associated with M-cells ([supplementary Fig. S1](#sec0130){ref-type="sec"}). Nevertheless, the possibility of M-cell targeting mediated by sigma C should further examined. As described previously that ARV sigma C is anchored into viral envelope as a homotrimer [@bib0195], the recombinant ARV sigma C protein used in this study was prepared from a prokaryotic system that might not generate proteins with proper conformation. Hence, to define the M-cell targeting property, eukaryotic expression systems should be a better option. Moreover, it is also possible that ARV sigma C enhances humoral immune response by stimulation of cytokine expression. Indeed, our preliminary data showed that incubation of mouse RAW264.7 cells with LAB displaying ARV sigma C significantly increased expression of IL-1 alpha, IL-1 beta, and IL-6 that were not detected in cells treated with LAB control ([supplementary Fig. S2](#sec0130){ref-type="sec"}). As IL-1 cytokines acting as adjuvants in the upregulation of humoral and cellular responses to antigen has been shown in several animal models such as in sheep [@bib0200] and chicken [@bib0205]. In addition, IL-6 has been shown to contribute to stimulation of IgA expression [@bib0210], [@bib0215]. It is likely that enhancement of humeral response by ARV sigma C in the mouse model is through stimulation of IL-1 cytokines. Nevertheless, the mechanism of immunostimulating can be complicated that requires further investigation.

In current study, two model antigens from the avian-origin viruses were used for evaluation of whether the new LAB strain can be used as a general vaccine carrier. Since neither the distribution nor the function of M cells in chicken have been reported, a murine model was used as an alternative. Nevertheless, to broaden the use of these LAB strains, more animal species should be tested.

The impact of vaccination route on stimulation of mucosal immunity by antigen-displayed LAB delivery systems has been demonstrated in the present study and others. Although LAB strains are natural inhabitants of the intestine, which is consistent with our findings, several reports have documented that immunization by a LAB delivery systems via the intranasal route is an more effective and elicits high levels of serum IgG and mucosal IgA against the target antigens when compared with the IG route [@bib0045], [@bib0055]. It is worth noting that with the IG route the antigen is displayed on the surface of the LAB where it is less protected when delivered without bicarbonate to neutralize the gastric acid. In such circumstances, instability of the antigen might affect the induction of the immune response. Very recently, in addition to NALT, Kim et al. identified another type of M cells with an antigen uptake function, namely respiratory M cells, which are present as a single-layer epithelium of turbinates in the murine nasal cavity [@bib0220]. As respiratory M cells are more abundant than NALT M cells and the uptake of insoluble antigen (*Salmonella* spp.) was found to be much more efficient than with NALT. This suggests that the respiratory M cells play a critical role in the gateway/barrier of the upper airway. Furthermore, it has been shown that among the various vaccination routes, nasal immunization is able to induce specific IgA as well as systemic IgG2a and IgG2b responses mediated by antigen-specific CD4^+^ Th2- and Th1-type cells [@bib0225]. These findings support the idea that the intranasal immunization is a promising avenue for the uptake of bacteria-delivered vaccines and induction of both systemic and mucosal immunity.

In conclusion, our results shed light on the potential use of *E. faecium* as a delivery vehicle for intranasal immunization, and suggest that ARV sigma C can be considered to be a safe and effective immune-enhancing molecule (or adjuvant) for mucosal immunization when included in avian vaccine formulations.

Appendix A. Supplementary data {#sec0130}
==============================

Fig. S1Examination of the M-cell targeting property of LAB displaying ARV sigma C protein in a mouse model. PBS (A), or one unit dose of E. faceium anchored without (B), or with sigmaC-AcmA′ protein (C and D) were injected into the Peyer\'s patch-containing ligated ileum segment of anesthetized mice. After 30-min incubation, the gut loop tissues were excised, fixed, and processed for M-cell staining by Immunohistochemistry (IHC). The images were taken under microscopy with 400× magnification. PP indicates Peyer\'s patches; arrow-heads shows M cells; "{" indicates the location of LAB (cocci with blue-purple staining). Fig. S2Analysis of cytokine expression profile in RAW 264.7 cells treated with LAB displaying ARV sigma C protein. Mouse macrophage-like cells (RAW 264.7) were treated with 50 ng LPS (positive control) or incubated with *Enterococcus faecium* (LAB), or LAB displaying AcmA′-ARV sigma C-AcmA′. The cell medium was collected at 24-h post treatment and the cytokine expression profile was analyzed by mouse Cytokine Array Kit, Panel A (Catalog \#ARY006, R&D SYSTEMS).
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